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ABSTRACT

Reaction of Nd"' and Er'! nitrate salts with a 1,3,5-tris(dipicolylamine)-triazine (dpat) ligand
yielded two unprecedented examples of [Ln(NOs)es]3”> (Ln = Nd, Er) moieties completely
encapsulated by the ligands. They are found in the two new complexes,
[(H3dpat):][(Nd(NO3)s)2]-2CH3CN 1, and the related [(Hzdpar):][(Er(NO3)s)3]-3CH3CN-2H-0 2.
The structures of the complexes are similar and they crystallize in the triclinic P-1 space group
with a = 12.1630(3), b = 12.2694(3), ¢ = 17.6357(5) A, V =2611.10(12) A3, and a = 14.3372(4),
b=17.1271(4), c = 25.2207(7)A, V = 5934.7(3) A3, respectively. Anion-r interactions, which are
I

reported here for the first time for Ln™ ion complexes, hydrogen bonding interactions and m-nt

stacking support the formation of the encapsulated species. Evidence of the protonated dpat ligand



in 1 and 2 was found through isolation of (H2dpaf)(NOs).. Finally, the pH-dependent ability of the

I

ligand to extract La™ and nitrate ions from aqueous into toluene solution is demonstrated.

INTRODUCTION

Host-guest chemistry, which frequently involves the formation of outer-sphere complexes, has
applicability in stabilization of reactive intermediates, sensing of chemical species and modeling
of biological systems, among others. As such, it has been the target of an increasing number of

studies in recent years.!"!? Hydrogen bonding is an important type of interaction supporting the

13-15

formation of outer-sphere complexes, as are anion-7 interactions, first described in this context

by Demeshko et al.'® and de Hoog et al.!” The latter support spatial interactions in biological
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systems and the assembly of supramolecular structures, and have gained increasing attention

in catalysis.?*-2¢ Known examples involve electron deficient aromatics such as N-heterocycles,
fluoroarenes or trinitrobenzene interacting with mono and poly-anions.?’-3? Interactions leading to
outer-sphere complexes of lanthanide [Ln'""] ions have been studied due to the importance of these
ions in magnetic resonance imaging, shift reagents and as structural probes in enzymes and
biomolecules in general.>3-** Further, outer-sphere interactions also play an important role in the
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actinide/lanthanide separation in nuclear reprocessing. However, examples where the Ln'!-

bearing species is completely enveloped by a ligand moiety are extremely rare, since in the
presence of other coordinating ligands the counter-ions or water molecules of hydration dissociate

and the ligands, such as N-heterocycles, bind through their heteroatoms.**->3 Nonetheless, Wang

L54

et al>* recently reported the formation of a tetragonal prismatic complex in which [Ln(H>O0)s]**

enclosed in a [Ln2L4(H20)2]" cage; L is 4-amino-1,2,4-triazole-bridged 3,3’-biphenylcarboxylato.

I

The carboxylato groups coordinate two Ln™" ions, forming the capsule, and the amine moiety



hydrogen-bonds the cationic guest. This same cation has been recently encapsulated into the pores
of a metalorganic framework, to which it is connected through hydrogen bonding of the water
molecules.>® Further, the [Ln(H20)s]** cluster is present and involved in outer-sphere interactions
in 15-crown-5 complexes, such as the ones described by Rogers et al.’%>7 where the crown-ether
hydrogen bonds to the water molecules coordinated to the metal, leading to a sandwich type
structure.

I ;

ions, 3863

Our research in sensitized luminescence of Ln prompted us to screen as an antenna
dpat.®* This ligand, which is N?,N?,N*, N*, N6, N°-hexakis(pyridin-2-ylmethyl)-1,3,5-triazine-2,4,6-
triamine, was reported by Maheswari and co-workers; it forms a Zn complex with displays an
anion-7 interaction between the nitrate anion of a [Zn(NO3):] moiety with the triazine ring.®* The
1,3,5-triazine moiety itself is frequently used in nuclear waste separation studies, due to the
stability towards radiolysis, as well as the stability of the formed complexes.*¥-5!: 6566 The
additional presence of dipicolylamine led us to expect both coordination and sensitization of Ln'!
ions with dpat, as this functional group has been reported to successfully accomplish this goal. To

our surprise, the solutions of Ln™!

ion salts in the presence of the ligand did not show the desired
strong metal-centered luminescence. Non-luminescent crystals of the Nd'! analog were quickly
grown and showed a remarkable, symmetric and, in our opinion, esthetically highly pleasing
structure of an encapsulated Ln'-bearing complex, vaguely reminiscent of the structure of
endohedral fullerenes.’-% While we are pursuing luminescence sensitization through different
triazine derivatives,’® we became interested in the complexes isolated, as these are a rare example

of outer-sphere coordination of Ln'™

ions with complete encapsulation. The formation of the
complex is supported by anion-r as well as hydrogen-bonding interactions between the enveloping

ligands and the [Nd(NOs)e]* anion. The metal ion is not coordinated directly to the ligand and is



at relatively long distances of ~6 and 7 A to the pyridine and triazine centroids,”! thus providing a

111

possible explanation for the weak luminescence. A similar encapsulation complex with Er'" was

1 on-containing

obtained and both compounds are described here. The few examples of anionic Ln
species of the type [Ln(NOs)es]>”> (Ln= La - Lu) often display hydrogen-bonding with other
molecules present in the compounds,’8? but partial or full encapsulation or anion-rt interactions
have not been reported. Since N-heterocycles contain only C, H, N and possibly O atoms, and are
therefore interesting for lanthanide/actinide extraction from nuclear waste,>> 37 the results obtained
here give important clues as to the intermolecular interactions pertaining the separation
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chemistry, especially in anion-exchange columns.?#8> Further, these results point to a new

ligand architecture involving the known triazine moiety, which takes advantage of secondary

Il and nitrate ions.

interactions for the potential simultaneous separation of Ln
EXPERIMENTAL SECTION
All commercially obtained reagents were of analytical grade and used as received. Solvents were
dried by standard methods. NMR spectra were recorded on Varian 400 and 500 spectrometers with
chemical shifts (5, ppm) reported against tetramethylsilane (TMS). Electrospray ionization mass
spectra (ESI-MS) were collected on a Waters Micromass ZQ quadrupole mass spectrometer. The
samples were prepared by preparing solutions of the compounds in a concentration of ~1 mg/mL

with acetonitrile. All samples were filtered through a 0.2 pm syringe filter before injecting into the

mass spectrometer. Elemental analysis was performed at Galbraith Laboratories (Knoxville, TN).

Synthesis
Synthesis of the ligand N’ N°,N’,N*,N°,N°-hexakis(pyridin-2-ylmethyl)-1,3,5-triazine-2,4,6-

triamine (dpat) iii.%*



Cyanuric chloride 7 (0.2316 g, 1.26 mmol) was added to a flask with dry toluene (30 mL) and
stirred until dissolved. Dipicolylamine #i (1.1070 g, 5.56 mmol) in 20 mL of toluene was added
dropwise to the cyanuric chloride solution and the mixture was stirred for 30 minutes. NaOH
(0.1940 g, 4.85 mmol) was added and the mixture was refluxed for 24 hours. After 24 hours the
mixture was washed with water (30 mL), the organic layer was dried over magnesium sulfate, and
the toluene was removed under reduced pressure. The compound was purified by flash
chromatography on silica using 1:1 THF:hexanes as the eluent, yielding a pale yellow solid in
70.9% yield. X-ray quality crystals formed within one month upon dissolution of the compound
in THF. '"H NMR (8, ppm, CD3CN): 8.39 (ddd, J=7.5, 1.4, 1.0 1H), 7.47 (td, J=7.6, 1.8 Hz, 1H),
7.10 (td, J=4.8, 1.8, 1H), 7.01 (d, J= 7.8 Hz, 1H), 4.82 (s, 2H). '3C NMR (5, ppm, CD3CN): 166.8,
159.7,149.7,137.2, 122.8, 122.4, 52.9. ESI-MS(+) m/z: 673.59 amu [Hdpat]" (calc. 673.33 amu).

Elemental analysis found (calc.): C 69.17% (69.62%), H 5.25% (5.39%), N 24.82% (24.98%).

Synthesis of [(Hsdpat):][(Nd(NO3)s)2] 2CH3CN 1

dpat (0.0075 g, 11.2 umol) was added to a flask with acetonitrile (10 mL). Nd(NO3)3-6H,O
(0.0017 g, 3.88 umol) was added to the solution. The mixture was refluxed for one hour. A small
amount of methanol was added to aid complete dissolution and the solution was refluxed one
additional hour. The mixture was filtered into vials. X-ray quality crystals grew within days
through vapor diffusion with diethyl ether. The yield was not determined, as isolation of bulk
material was not attempted.

It is proposed that the formation of the complex follows the equation:

4 Nd(NO3)3-6H20 + 2 dpat + 2 CH3CN — [(Hzdpat)2][(Nd(NO3)s)2]-2CH3CN + 2 Nd** + 6 OH

+ 18 H20



Synthesis of [(Hsdpat):][(Er(NO3)s)3] 3CH3:CN-2H>0 2

dpat (0.0208 g, 30.9 umol) was added to a flask with acetonitrile (10 mL). Er(NO3)3-5H>O
(0.0399 g, 90.0 umol) was placed in 10 mL of acetonitrile and added dropwise to the dpat solution.
The mixture was warmed to 60 °C for 30 minutes and then filtered into vials. X-ray quality crystals
grew within weeks through vapor diffusion with diethyl ether. The yield was not determined, as
isolation of bulk material was not attempted.

It is proposed that the formation of the complex follows the equation:

6 Er(NO3);-5H0 + 2 dpat + 3 CH;CN — [(Hzdpat)2][(Er(NO3)6)3]-3CH3CN-2H,0 + 3 Er** +

6 OH +22 H,O

Synthesis of (Hxdpat)(NO3):
dpat was suspended in about 10 ml of deionized water. Enough 0.1 M HNOj3; was added until
the dpat dissolved. The solution was left to evaporate slowly. X-ray quality crystals formed within

a couple of weeks. The yield was not determined, as isolation of bulk material was not attempted.

Aqueous Extraction

Extraction procedure for La(NO3)3 with dpat — La'! extraction

The pH of a 60 mL aqueous solution of 0.01 M La(NO3)3-5H>0 (0.2504 g, 60.33x107> mol) was
adjusted with 0.01 M HNOj to the desired pH and the exact La! concentration was determined by
titration with EDTA with xylenol orange as the indicator.®® dpat was placed in four separate round
bottom flasks with 10 mL of toluene in order to give the molar ratios (L:M) of 1:1 (0.0333 g,

4.95x10 mol), and 2:1 (0.0677 g, 10.07x10° mols) in the initial solutions. 5 mL of La'! solution



was added to each flask and stirred vigorously. After 2 hours, the aqueous layer was separated and

the amount of La!l

remaining in the aqueous layer was determined by titration with EDTA in the
presence of xylenol orange as the indicator.®® The final pH of each solution was determined. Each
experiment was run in triplicate and at constant temperature (25.00.1 °C).

Extraction procedure for La(NOj3); with dpat — NOs™ extraction

The previous procedure was followed for 1:1 and 2:1 stoichiometry of dpat and metal salt in the
initial solutions. The NO3™ concentration was monitored before and after the extraction experiment

in the aqueous phase with a nitrate-sensitive electrode (VWR symPhony pH/ISE meter with nitrate

ion selective electrode). The extraction experiments were run in the pH range 1-4.

Spectroscopy

Singlet and triplet state measurements

Fluorescence and phosphorescence spectra were obtained on a Perkin Elmer LS-55
spectrometer. The triplet-state measurements were performed at 77 K, as described by Crosby,?’
all other measurements were performed at 25.0 & 0.1°C. The Gd(III) salt was dried under reduced
pressure and heating and kept in a glove box under controlled atmosphere (O, < 0.2 ppm, H>O <
2 ppm). The complex solutions were diluted to a final concentration of 1.0x10* M after mixing of
the ligand and salt in 1:1 stoichiometry. The solutions were allowed to equilibrate for at least 2 to
3 hours. Slit widths for emission measurements were 5 and/or 10 nm and a scan rate of 250 nm/sec
was used. The data were collected in phosphorescence mode with a delay of 0 ms, a cycle time of

16 ms and a gate time of 0.05 ms and then increasing delay times for the triplet state measurements.

Crystallography



X-ray crystallographic characterization

Crystal data, data collection and refinement details for all three compounds are given in Table
S1. Suitable crystals were mounted on a glass fiber and placed in the low-temperature nitrogen
stream. Data were collected on a Bruker SMART CCD area detector diffractometer equipped with
a low-temperature device, using graphite-monochromated Mo-Ka radiation (1=0.71073 A). Data
were measured using a strategy which combines omega and phi scans of 0.3° per frame and an
acquisition time of 40 s per frame. Multi-scan absorption corrections were applied. Cell parameters
were retrieved using SMART®® software and refined using SAINTPlus® on all observed
reflections. Data reduction and correction for Lp and decay were performed using the SAINTPlus®
software. Absorption corrections were applied using SADABS.® The structures were solved by
direct methods and refined by least square methods on F? using the SHELXTL®! program package.
All non-hydrogen atoms were refined anisotropically. The hydrogen atoms were added
geometrically and their parameters constrained to the parent site. For the complex with water
molecules of crystallization, their hydrogen atoms could not be located on the difference map and
could not be added geometrically and have been omitted, although the formula is correct. CCDC
780516, 780517, 780518 and 884885 contain the supplementary crystallographic data for this
manuscript. These data can be obtained free of charge from The Cambridge Crystallographic Data

Centre via www.ccdc.cam.ac.uk/data_request/cif.

RESULTS AND DISCUSSION
dpat (iii) is synthesized in 71% yield by refluxing dipicolylamine i in toluene with cyanuric

chloride ii in the presence of base (Scheme 1) following a published procedure.®



Scheme 1. Synthesis of dpat.

X-ray quality crystals were obtained from THF solution. Details of the synthesis and
crystallographic characterization can be found in the Supporting Information (Table S1). dpat
crystallizes in the monoclinic C2/c space group, with six randomly oriented pyridine rings; three
are oriented clockwise and the other three counter-clockwise (Figure S1). Further, three of the
rings are positioned above the plane of the triazine ring, while the other three are below that plane.
Several C-H---w interactions, as well as weak m-r interactions contribute to the three-dimensional
packing of this molecule (Figure S2).

Reflux of an acetonitrile solution of Nd(NOs)s with dpat (experimental details in the Supporting
Information)  yielded crystals of a complex with the molecular formula
[(Hsdpat),][(Nd(NO3)6)2]-:2CH3CN, 1. In this complex, shown in Figure 1, a [Nd(NOs)s]*" anion is
enveloped by two now bowl-shaped dpat ligands. A second [Nd(NO3)]*~ anion is also present but

is not encapsulated by any ligands and compensates the charge.
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Figure 1. Thermal ellipsoid plot of 1. Hydrogen atoms and solvent molecules were omitted for

clarity. Ellipsoids are shown at 50% probability level.

Both Nd™ ions display a coordination number of 12, with a slightly distorted icosahedral

geometry, as displayed in Figure 2.

Figure 2. Polyhedral representation of the coordination environment of the two Nd™ ions in

complex 1.

The Nd-O distances (Figure S3) are within the range 2.574-2.616 A (Table S2), similar to the
bond lengths described for this anion in other structures.”? 76-8° Two acetonitrile molecules are also

present, but have been omitted from Figure 1. One refined at full occupancy, while two additional

10



ones refined at half occupancy. Due to the presence of the two [Nd(NO3)s]*- anions, each ligand is
three-fold protonated, as other charged species are absent. Although protons were not found in the
difference map, the ligand‘s bowl conformation, with the nitrogen atoms of the pyridine rings
pointing to the Nd-containing anion and each other, is an indication of this protonation. A
previously reported protonated dipicolylamine displayed a hydrogen-bonding N---N distance of
2.634 A between the two proton-sharing pyridines.®? In the structure described here, the N--N
distances are slightly longer in the range 2.706-3.1798 A, (Table S2 and Figure S4 for comparison)
but within the expected for hydrogen-bonding interactions. Overall, these distances and ligand
shape are consistent with protonated pyridines, as they compare well with (Hadpaf)(NO3)2, which
is discussed below.

Additional hydrogen-bond interactions between the pyridine nitrogen atoms are observed with
the oxygen atoms of the nitrato anion pointing towards the ligand, with N---O distances in the range

3.100-3.475 A (Table S2 and Figure 3), an example of trifurcated hydrogen bonds.”
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Figure 3. Partial plot of Nd"! with a nitrato group in complex 1 in close 2.908 A anion-n contact

with dpat.
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The uncoordinated oxygen atom of this nitrato anion is at a distance of 2.908 A from the triazine
ring centroid (Figure 3), consistent with an anion-n interaction between the Nd-bound nitrato and
the triazine ring. This distance is shorter than the value of 3.006 A reported by Maheswari et al.®*
for the complex of Zn(NO3), with dpat. The authors also report an angle of 75.2° between the
triazine plane and the centroid-oxygen axis. Here, the magnitude of this angle is 88.2°, which,
combined with the short O-centroid distance, indicates a strong anion-mt interaction. Gas-phase
calculations performed by Zaccheddu and coworkers for an idealized isolated gas-phase nitrate
ion interacting with 1,3,5-triazine, show an equilibrium T-shape geometry, in which the nitrate

points through one of the oxygen atoms towards the triazine centroid, with an equilibrium

O---centroid distance of 3.69 A.%
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Figure 4. Partial plot of the [Hzdpat]** moieties in 1, showing the n-n interaction between the

triazine rings and the centroid-centroid distance [A] as a dashed blue line.

Concurrent ni-n stacking of the triazine rings, with a centroid-centroid distance of 3.653 A and

inter-plane distance of 3.332 A (Figure 4), and a 60° rotation of these rings, with carbon atom on
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top of nitrogen atom,” contributes to the strong anion-w interaction, according to calculations
performed by Zaccheddu et al.** In the Zn-complex®* with dpat n-n stacking of the triazine rings
is not observed.

As mentioned above, further evidence for the protonation of the pyridine rings was obtained
through comparison of this structure with the structure of the protonated ligand, obtained by
addition of HNO; to a suspension of dpat in water until dissolution of the compound. X-ray quality
crystals of a salt, (Hadpat)(NOs)2, were isolated through slow solvent evaporation of this solution.
In this salt (Figure 5), four pyridine rings are paired and share a proton, which was found on the
difference map, with N---N distances of 2.6644 and 2.7141 A. The two non-protonated pyridine
rings are on opposite sides of the triazine plane, as in free dpat, while the nitrate ions interact

through hydrogen-bonding with C-H moieties of the pyridine rings (Figure S4).
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Figure 5. Ball-and-stick diagram of the salt (H2dpat)(NO3)s.

A complex analogous to 1 was obtained with Er', [(Hzdpat).][(Er(NOs3)s)3]-3CH3CN-2H-0, 2,

shown in Figure 6.
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Figure 6. Thermal ellipsoid plot of 2. Hydrogen atoms and solvent molecules were omitted for

clarity. Ellipsoids are shown at 50% probability level.

Crystallographic details are summarized in Table S1. Since Er'! is slightly smaller than Nd', it
is coordinated by five nitrato anions to yield a [Er(NO3)s]*>" moiety. This is in turn encapsulated by
the two triply protonated dpat ligands. Two additional [Er(NOs)s]* anions are present in the

111

structure, as well as three acetonitrile and two disordered water molecules. The Er'" coordination

numbers are ten, as shown in Figure 7.

Figure 7. Polyhedral representation of the coordination environment of the three Er' ions in

complex 2.
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The Er-O distances (Figure S5), summarized in Table S3, are in the range 2.369-2.549 A,
consistent with the bond lengths seen in the other known structures displaying this complex
anion.”6-%8

The encapsulated moiety is within anion-n distance of the triazine ligands, with O-centroid
distances of 2.736 and 2.751 A (Figure 8) and angles between the O-centroid axis and the plane of
the triazine are 83.4 and 85.6°, respectively. While the angles are smaller than for the Nd'™ structure

presented above, the O-centroid distances are shorter and very close to the equilibrium distance of

2.75 A calculated for a free nitrate with an adjacent triazine ring.%*

Figure 8. Partial plot of Er''l with two nitrato ions in complex 2 in anion-7t contact [A] with the
g p p

dpat ligand (dashed lines).

Interestingly, while the centroid-O distances are shorter, the n-m interaction between adjacent
triazine rings is substantially weaker, as these show a centroid-centroid distance of 4.248 A and
the two triazine-containing planes intersect at an angle of 3.4° (Figure S6).> Trifurcated hydrogen
bonds®? are seen also for this complex, with N---N distances in the range 2.692-2.701 A and N---O
distances in the range 3.211-3.485 A (Table S3 and Figure S7).

The presence of these secondary interactions leading to encapsulation in the solid state is
possibly present as well in solution. Experimental evidence does not exclude the outer-sphere

interaction in solution and efforts to identify it are currently underway. Since the singlet and triplet
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states of the ligand are located at 32,890 and 26,460 cm™! and well positioned for energy transfer,

I

the lack of emission from any of the visible or near-infrared emitting Ln™ ions, as mentioned

above, is an indication of the possible absence of metal-ligand coordination.”®-!® Further, the 'H-
NMR spectrum of the ligand in the presence of both the non-paramagnetic La and the
paramagnetic Eu'l' shows small resonance shifts, consistent with the metal interacting weakly with

I

dpat. For comparison, the "H-NMR spectra of dipicolylamine, to which Ln'! ions are known to

coordinate,!®! in the presence of the two ions were also recorded, displaying much more dramatic
resonance shifts (Figure 9). For example, in the dpat system, the signal corresponding to proton 1

Il and shifts a little more

on the pyridine ring almost does not change upon complexation to La
upfield upon complexation to Eu'll, In the case of the dipicolylamine, the signal corresponding to
this proton moves slightly downfield upon complexation to the diamagnetic La'"’, but significantly

upfield upon complexation to the paramagnetic Eu'!!,!%2
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Figure 9. 'H-NMR spectra of a) dpar and b) dipicolylamine neat (brown, bottom trace), in the

I I

presence of an equimolar amount of La™ (green, middle trace) and Eu™ (blue, top trace) in
acetonitrile. Drawing of ligands with atom numbering shown and dashed lines show tentative

changes in chemical shifts upon binding.'??

ESI-MS data of solutions of these complexes show only the presence of singly and triply
protonated ligand, as well as a metal ion containing species, [Er(NO3)]*, in the case of Er'"! (Figure
S8).

The interaction of dpat with a metal ion-containing species in solution however is still strong
enough to allow extraction of La'! from aqueous into toluene solution (Figures 10a and S9). Figure
10 shows partition ratios Kp of La! (10a) and NOs~ (10b) in aqueous and organic phase as a
function of pH for 1:1 (squares, black trace) and 2:1 (circles, red trace) ligand-to-metal ion
stoichiometries in solution. These results indicate that the partition ratios are dependent on the pH.
The best distribution ratios, corresponding to the highest extraction efficiency, are achieved at a
pH of 2. Low pH values are desirable for nuclear waste separations, as they are run under highly
HNOs-acidic conditions.®! At a lower pH of though, the distribution ratios decrease, which is

consistent with the ligand protonation observed in the solid-state structures; protonation leads to

17



increased aqueous solubility and thus back-extraction. The co-extraction experiment of the nitrate
anion (Figure 10b) shows that nitrate is removed from the aqueous into the toluene phase as well.
Again, the partition ratio and thus extraction efficiency is improved as the pH is lowered.
Nonetheless, for pH<2, again, most likely due to increased protonation of the ligand, the partition

ratio decreases as the protonated ligand is water soluble.
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Figure 10. Partition ratios Kp of a) La''! and b) NOs™ in aqueous and toluene solutions as a function

of pH for 1:1 (black squares) and 2:1 dpat:La' (red circles) stoichiometry.
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CONCLUSION

In summary, we have isolated the first encapsulation complexes of [Ln(NO3)e/5]*7> (Ln = Nd,
Er) supported by anion-r interactions and hydrogen bonding between the enveloping outer-sphere
ligands and the metal-containing species, as well as n-r stacking of the triazine rings. The interplay
between the intermolecular interactions, which leads to the formation of the outer-sphere complex,

opens the avenue for the design of new ligand systems with improved capabilities for the

I

simultaneous extraction of Ln™ ions and counter-anions from aqueous phase in nuclear waste

recycling.

ASSOCIATED CONTENT

Supporting Information. ESI-mass spectra, crystallographic details and additional figures are

available as supporting information.

The Supporting Information is available free of charge on the ACS Publications website.

AUTHOR INFORMATION

Corresponding Author

*abd@unr.edu

Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval

to the final version of the manuscript.

Funding Sources

19



This work was financially supported by NSF (grant CHE-1800392) and the University of

Nevada, Reno.
ACKNOWLEDGMENT

Financial support through NSF (CHE-1800392) and the University of Nevada, Reno are

gratefully acknowledged.

REFERENCES

1. Beer, P. D.; Gale, P. A., Anion recognition and sensing: the state of the art and future

perspectives. Angew. Chem. Int. Ed. 2001, 40, 486-516.

2. Dube, H.; Ajami, D.; Rebek, J., Jr., Photochemical Control of Reversible Encapsulation.
Angew. Chem. Int. Ed. 2010, 49, 3192-3195.
3. Ajami, D.; Rebek, J., More Chemistry in Small Spaces. Acc. Chem. Res. 2013, 46, 990-
999.
4, Hu, J.; Xu, T.; Cheng, Y., NMR Insights into Dendrimer-Based Host-Guest Systems.
Chem. Rev. 2012, 112, 3856-3891.
5.

Kim, H. S.; Pham, T. C. T.; Yoon, K. B., A novel class of nonlinear optical materials
based on host-guest composites: zeolites as inorganic crystalline hosts. Chem. Commun. 2012,
48, 4659-4673.

Loeb, S. J., Metal complexes as receptors. Supramolecular Chemistry: From Molecules
to Nanomaterials 2012, 3, 1309-1324.
Margetic, D., Host-guest studies of bis-porphyrins. Current Organic Chemistry 2012, 16,
829-851.
8. Martin, C.; Gil, M.; Cohen, B.; Douhal, A., Ultrafast photodynamics of drugs in
nanocavities: Cyclodextrins and human serum albumin protein. Langmuir 2012, 28, 6746-6759.
9. Simoes, J. B.; da Silva, D. L.; de Fatima, A.; Fernandes, S. A., Calix|[n]arenes in action,
useful host-guest catalysis in organic chemistry. Current Organic Chemistry 2012, 16, 949-971.
10. Xue, M,; Yang, Y.; Chi, X.; Zhang, Z.; Huang, F., Pillararenes, A New Class of
Macrocycles for Supramolecular Chemistry. Acc. Chem. Res. 2012, 45, 1294-1308.
Yatsimirsky, A. K., Host-guest chemistry of alkaloids. Natural Product Communications
2012, 7, 369-380.
12. Forgan, R. S.; Roach, B. D.; Wood, P. A.; White, F. J.; Campbell, J.; Henderson, D. K.;
Kamenetzky, E.; McAllister, F. E.; Parsons, S.; Pidcock, E.; Richardson, P.; Swart, R. M;
Tasker, P. A., Using the Outer Coordination Sphere to Tune the Strength of Metal Extractants.
Inorg. Chem. 2011, 50, 4515-4522.
Ajami, D.; Dube, H.; Rebek, J., Jr., Boronic Acid Hydrogen Bonding in Encapsulation
Complexes. J. Am. Chem. Soc. 2011, 133, 9689-9691.
14. Rebek, J., Molecular Behavior in Small Spaces. Acc. Chem. Res. 2009, 42, 1660-1668.
15. Shook, R. L.; Borovik, A. S., Role of the Secondary Coordination Sphere in Metal-
Mediated Dioxygen Activation. Inorg. Chem. 2010, 49, 3646-3660.

6.

7.

I11.

13.

20



16.  Demeshko, S.; Dechert, S.; Meyer, F., Anion-p Interactions in a Carousel Copper(Il)-
Triazine Complex. J. Am. Chem. Soc. 2004, 126, 4508-4509.

17. de Hoog, P.; Gamez, P.; Mutikainen, 1.; Turpeinen, U.; Reedijk, J., Host-guest systems:
An aromatic anion receptor: Anion-p interactions do exist. Angew. Chem. Int. Ed. 2004, 43,
5815-5817.

18. Schottel, B. L.; Chifotides, H. T.; Dunbar, K. R., Anion-p interactions. Chem. Soc. Rev.
2008, 37, 68-83.

19. Mooibroek, T.J.; Black, C. A.; Gamez, P.; Reedijk, J., What's New in the Realm of
Anion-7 Binding Interactions? Putting the Anion-t Interaction in Perspective. Crystal Growth &
Design 2008, 8, 1082-1093.

20. Estarellas, C.; Frontera, A.; Quinonero, D.; Deya, P. M., Relevant Anion-7 Interactions in
Biological Systems: The Case of Urate Oxidase. Angew. Chem. Int. Ed. 2011, 50, 415-418.
21. Gamez, P.; Mooibroek, T. J.; Teat, S. J.; Reedijk, J., Anion Binding Involving m-Acidic
Heteroaromatic Rings. Acc. Chem. Res. 2007, 40, 435-444.

22. Tuo, D.-H.; Liu, W.; Wang, X.-Y.; Wang, X.-D.; Ao, Y.-F.; Wang, Q.-Q.; Li, Z.-Y ;
Wang, D .-X., Toward Anion-p Interactions Self-Assembly with Predesigned Dual Macrocyclic
Receptors and Dianions. J. Am. Chem. Soc. 2019, 141, 1118-1125.

23. Neel, A.J.; Hilton, M. J.; Sigman, M. S.; Toste, F. D., Exploiting non-covalent 7t
interactions for catalyst design. Nature 2017, 543, 637-646.

24. Mahmudov, K. T.; Gurbanov, A. V.; Guseinov, F. 1.; Guedes da Silva, M. F.C.,
Noncovalent interactions in metal complex catalysis. Coord. Chem. Rev. 2019, 387, 32-46.
25. Zhao, Y .; Cotelle, Y .; Sakai, N.; Matile, S., Unorthodox Interactions at Work. J. Am.
Chem. Soc. 2016, 138, 4270-4277.

26. Zhang, X.; Hao, X.; Liu, L.; Pham, A.-T.; Lopez-Andarias, J.; Frontera, A.; Sakai, N.;
Matile, S., Primary Anion—z Catalysis and Autocatalysis. J. Am. Chem. Soc. 2018, 140, 17867-
17871.

27. Giese, M.; Albrecht, M.; Bannwarth, C.; Raabe, G.; Valkonen, A.; Rissanen, K., From
attraction to repulsion: anion-s interactions between bromide and fluorinated phenyl groups.
Chem. Commun. 2011, 47, 8542-8544.

28. Giles, I. D.; Chifotides, H. T.; Shatruk, M.; Dunbar, K. R., Anion-templated self-
assembly of highly stable Fe(II) pentagonal metallacycles with short anion-t contacts. Chem.
Commun. 2011, 47, 12604-12606.

29. Chen, Y.; Wang, D.-X.; Huang, Z.-T.; Wang, M.-X., lon pair receptors based on anion-7
interaction. Chem. Commun. 2011, 47, 8112-8114.

30. Berryman, O. B.; Bryantsev, V. S.; Stay, D. P.; Johnson, D. W.; Hay, B. P., Structural
Criteria for the Design of Anion Receptors: The Interaction of Halides with Electron-Deficient
Arenes. J. Am. Chem. Soc. 2007, 129, 48-58.

31. Giese, M.; Albrecht, M.; Rissanen, K., Anion—m Interactions with Fluoroarenes. Chem.
Rev. 2015, 115, 8867-8895.

32. Mascal, M.; Armstrong, A.; Bartberger, M. D., Anion-Aromatic Bonding: A Case for
Anion Recognition by p-Acidic Rings. J. Am. Chem. Soc. 2002, 124, 6274-6276.

33. Biinzli, J. C. G., Rare earth luminescent centers in organic and biochemical compounds.
In Spectroscopic Properties of Rare Earths in Optical Materials, Liu, G.; Jacquier, B., Eds.
Springer: Berlin, 2005; Vol. 83, pp 462-499.

34. Biinzli, J.-C. G.; Choppin, G. R., Lanthanide Probes in Life, Chemical and Earth
Sciences - Theory and Practice. Elsevier: Amsterdam, 1989.

21



35. Kolarik, Z., Complexation and Separation of Lanthanides(III) and Actinides(III) by
Heterocyclic N-Donors in Solutions. Chem. Rev. 2008, 108, 4208-4252.
36. Schulz, W. W; Horwitz, E. P., Chemical Pretreatment of Nuclear Waste for Disposal.
Plenum Press: New York, 1994.
37. Werner, E. J.; Biros, S. M., Supramolecular Ligands for the Extraction of Lanthanide and
Actinide Ions. Organic Chemistry Frontiers 2019, 6, 2067-2094.

38.  M.Merkel; M.Pascaly; C.Koster; B.Krebs, Four isotypic highly coordinated lanthanide
complexes of the tripodal ligand bis[(2-pyridyl)methyl][(1-methylimidazol-2-yl)methyl]amine.
Z.Naturforsch.,B:Chem.Sci. 2004, 59, 216.

39. L Natrajan; J.Pecaut; M.Mazzanti; C.LeBrun, Controlled Hydrolysis of Lanthanide
Complexes of the N-Donor Tripod Tris(2-pyridylmethyl)amine versus Bisligand Complex
Formation. Inorg.Chem. 2005, 44, 4756.

40. Yang, X.-P.; Kang, B.-S.; Wong, W .-K_; Su, C.-Y.; Liu, H.-Q., Syntheses, Crystal
Structures, and Luminescent Properties of Lanthanide Complexes with Tripodal Ligands Bearing
Benzimidazole and Pyridine Groups. Inorg.Chem. 2003, 42, 169.

41. A .Dossing; H.Toftlund; A.Hazell; J.Bourassa; P.C.Ford, Dichloro-(6,6'-bis(bis(2-
pyridylmethyl)aminomethyl)-2,2'-bipyridine)-gadolinium(iii) chloride ethanol solvate dihydrate.
J.Chem.Soc.,Dalton Trans. 1997, 335.

42. C.Marchal; Y Filinchuk; D.Imbert; J.-C.G .Bunzli; M.Mazzanti, Toward the Rational
Design of Lanthanide Coordination Polymers: a New Topological Approach. Inorg.Chem. 2007,
46, 6242.

43. C.O.Paul-Roth; J.-M.Lehn; J.Guilhem; C.Pascard, Synthesis, characterization, and
structural properties of luminescent lanthanide complexes. Helv.Chim.Acta 1995, 78, 1895.
44. Y Kataoka; D .Paul; H.Miyake; T.Yaita; E.Miyoshi; H.Mori; S.Tsukamoto; H.Tatewaki;
S.Shinoda; H.Tsukube, Experimental and theoretical approaches toward anion-responsive tripod-
lanthanide complexes: mixed-donor ligand effects on lanthanide complexation and luminescence
sensing profiles. Chem.-Eur.J. 2008, 14, 5258.

45. Chen, X.-Y.; C.Marchal; Y Filinchuk; D.Imbert; M.Mazzanti, A flexible tripodal ligand
linking octametallic terbium rings into luminescent polymeric chains. Chem. Commun. 2008,
3378.

46. Lu, H-J; Fan, Y.-T.; Gao, J.; Hou, H.-W., Synthesis and crystal structure of yttrium(III)
and lanthanide(III) complexes with a new terpyridine-like ligand 2,4-bis(3,5-dimethylpyrazol-1-
yl)-6-diethylamino-1,3,5-triazine. J. Coord. Chem. 2004, 57, 693-703.

47. Yang, C.; Chen, X.-M.; Cui, Y.-D.; Yang, Y .-S., Synthesis, crystal structure and
luminescence properties of europium complexes with a new terpyridine-like ligand. Chin. J.
Chem. 1999, 17,411-414.

48. De Silva, C. R.; Wang, J.; Carducci, M. D.; Asha Rajapakshe, S.; Zheng, Z., Synthesis,
structural characterization and luminescence studies of a novel europium(I1I) complex
[Eu(DBM)3(TPTZ)] (DBM: dibenzoylmethanate; TPTZ: 2.4 ,6-tri(2-pyridyl)-1,3,5-triazine).
Inorg. Chim. Acta 2004, 357, 630-634.

49. De Silva, C. R.; Maeyer, J. R.; Dawson, A.; Zheng, Z., Adducts of lanthanide b-
diketonates with 2.4 ,6-tri(2-pyridyl)-1,3,5-triazine: Synthesis, structural characterization, and
photoluminescence studies. Polyhedron 2007, 26, 1229-1238.

50. Durham, D. A; Frost, G. H.; Hart, F. A., Lanthanide complexes of 2.,4,6-tri(a-pyridyl)-
1,3,5-triazine. J. Inorg. Nucl. Chem. 1969, 31, 571-4.

22



51. Lewis, F. W.; Harwood, L. M.; Hudson, M. J.; Drew, M. G. B.; Desreux, J. F.; Vidick,

G.; Bouslimani, N.; Modolo, G.; Wilden, A.; Sypula, M.; Vu, T.-H.; Simonin, J.-P., Highly
Efficient Separation of Actinides from Lanthanides by a Phenanthroline-Derived Bis-triazine
Ligand. J. Am. Chem. Soc. 2011, 133, 13093-13102.
52. Jankolovits, J.; Van-Noord, A. D. C.; Kampf, J. W.; Pecoraro, V. L., Selective anion
encapsulation in solid-state Ln(IIT)[15-metallacrown-5]* compartments through secondary sphere
interactions. Dalton Trans. 2013, 42, 9803-9808.
53. Ito, H.; Shinoda, S., Chirality sensing and size recognition of N-Bocamino acids by cage-
type dimeric lanthanide complexes: chirality detection of N-Boc-aspartate anions via
luminescence colour change. Chem. Commun. 2015, 51, 3808-3811.
54. Wang, P.; Ma, J.-P.; Dong, Y .-B., Guest-Driven Luminescence: Lanthanide-Based Host-
Guest Systems with Bimodal Emissive Properties Based on a Guest-Driven Approach. Chem .-
Eur. J.2009, 15,10432-10445.

55. Chen, C.-X; Liu, Q.-K.; Ma, J.-P.; Dong, Y .-B., Encapsulation of Ln* hydrate species for
tunable luminescent materials based on a porous Cd(ii)-MOF. J. Mater. Chem. 2012, 22, 9027-
9033.

56. Rogers, R. D.; Kurihara, L. K., f-Element/crown ether complexes. 6. Interaction of
hydrated lanthanide chlorides with 15-crown-5: crystallization and structures of
[M(OH.,),]CL,.(15-crown-5) (M = Gd, Lu). Inorg. Chim. Acta 1987, 130, 131-7.

57. Rogers, R. D.; Kurihara, L. K., f-Element/crown ether complexes. 1. Synthesis and
structure of octaaquayttrium(3+) chloride.(15-crown-5). Inorg. Chim. Acta 1986, 116, 171-7.
58. de Bettencourt-Dias, A.; Viswanathan, S., Luminescent Eu(IIl) and Tb(III) complexes of
a nitrothiophenylbenzoic acid derivative: structure and luminescence studies. Chem. Commun.
2004, /024-1025.

59.  de Bettencourt-Dias, A., New isophthalato-based 2D coordination polymers of Eu(IIl),
Gd(III) and Tb(III) - Enhancement of the terbium-centered luminescence through thiophene
derivatization. Inorg. Chem. 2008, 44, 2734-2741.

60. Viswanathan, S.; de Bettencourt-Dias, A., 2-Chloro-5-nitrobenzoato complexes of Eu(III)
and Tb(III) - A 1D coordination polymer and enhanced solution luminescence. Inorg. Chem.
Commun. 2006, 9, 444-448.

61. Viswanathan, S.; de Bettencourt-Dias, A., Eu(IIl) and Tb(III) Luminescence Sensitized
by Thiophenyl-Derivatized Nitrobenzoato Antennas. Inorg. Chem. 2006, 45, 10138-10146.
62. de Bettencourt-Dias, A.; Viswanathan, S.; Rollett, A., Thiophene-derivatized pybox and

its highly luminescent lanthanide ion complexes. J. Am. Chem. Soc. 2007, 129, 15436-15437.
63. de Bettencourt-Dias, A.; Barber, P. S.; Bauer, S., A water-soluble Pybox derivative and
its highly luminescent lanthanide ion complexes. J. Am. Chem. Soc. 2012, 134, 6987-6994.
64. Maheswari, P. U.; Modec, B.; Pevec, A.; Kozlevcar, B.; Massera, C.; Gamez, P.; Reedijk,
J., Crystallographic Evidence of Nitrate-p Interactions Involving the Electron-Deficient 1,3,5-

Triazine Ring. Inorg. Chem. 2006, 45, 6637-6645.
65. Hill, C., Overview of recent advances in An(III)/Ln(IIl) separation by solvent extraction
lon Exchange and Solvent Extraction 2010, 19, 119-193.
66.

Mincher, B. J.; Modolo, G.; Mezyk, S. P., Review: The Effects of Radiation Chemistry
on Solvent Extraction 4: Separation of the Trivalent Actinides and Considerations for Radiation-
Resistant Solvent Systems. Solvent Extraction and lon Exchange 2010, 28, 415-436.

67. Olmstead, M. M.; de Bettencourt-Dias, A.; Stevenson, S.; Dorn, H. C.; Balch, A.L.,
Crystallographic Characterization of the Structure of the Endohedral Fullerene [Er,@C,, Isomer I]

23



with C, Cage Symmetry and Multiple Sites for Erbium along a Band of Ten Contiguous
Hexagons. J. Am. Chem. Soc. 2002, 124,4172-4173.
68. Olmstead, M. M.; de Bettencourt-Dias, A.; Duchamp, J. C.; Stevenson, S.; Marciu, D.;
Dorn, H. C.; Balch, A. L., Isolation and structural characterization of the endohedral fullerene
ScN@C,. Angew. Chem. Int. Ed. 2001, 40, 1223-1225.

69. Olmstead, M. M.; de Bettencourt-Dias, A.; Duchamp, J. C.; Stevenson, S.; Dorn, H. C;
Balch, A. L., Isolation and Crystallographic Characterization of ErSc.N@C,: an Endohedral
Fullerene Which Crystallizes with Remarkable Internal Order. J. Am. Chem. Soc. 2000, 122,

12220-12226.

70. de Bettencourt-Dias, A.; Zimmerman, J. R., New k1 .,k1-benzoato-bridged complexes of

Eu(IIl) and Tb(II) with a triazine-benzamide ligand. Main Group Chemistry 2012, 11, 31-44.
71. Monteiro, J. H.; de Bettencourt-Dias, A.; Sigoli, F. A., Estimating the Donor-Acceptor
Distance To Tune the Emission Efficiency of Luminescent Lanthanide Compounds. Inorg.
Chem. 2017, 56, 709-712.

72. Lu, W.-J.; Zhang, L.-P.; Chan, H.-S.; Chan, T.-L.; T.C.W Mak, bis(1.,4,8,11-Tetramethyl-
1,8-dihydroxy-4,11-dioxo-4,11-diaza-1,8-diazoniacyclotetradecane) hexakis(nitrato-O,0')-
cerium(iii) nitrate monohydrate. Polyhedron 2004, 23, 1089.

73.  W.Urland, bis(Tetraphenylarsonium) pentanitrato-praseodymium. Z.Anorg.Allg.Chem.
1982, 491, 319.

74. Li, X.; Liu, W.; Guo, Z.; Tan, M., bis(mu2-Nitrato)-diaqua-tetranitrato-bis(6-(2-(2-
(diethylamino)-2-oxoethoxy)ethyl)-N,N,12-triethyl-11-o0x0-3,9-dioxa-6,12-
diazatetradecanamide)-tri-lanthanum(iii) hexanitrato-lanthanum(iii) dihydrate. Inorg.Chem.
2003, 42, 8735.

75. H.Cui; T.Otsuka; A.Kobayashi; N.Takeda; M.Ishikawa; Y Misaki; H.Kobayashi,
hexakis(2,5-bis(1,3-dithiol-2-ylidene)- 1,3 ,4,6-tetrathiapentalene) hexakis(nitrato-O,0')-
cerium(iii) ethanol solvate. Inorg.Chem. 2003, 42,6114.

76. Biinzli, J.-C. G.; Klein, B.; Wessner, D.; Schenk, K. J.; Chapuis, G.; Bombieri, G.; Paoli,
G. d., tris(Dinitrato-18-crown-6-neodymium) hexanitrato-neodymium. /norg.Chim.Acta 1981,
54,1.43.

77. Wei, D.-Y; Xie, H.-Z.; Zheng, Y .-Q., hexakis(1,10-phenanthrolinium) hexanitrato-
neodymium(iii) trinitrate. Z.Kristallogr.-New Cryst.Struct. 2004, 219, 239.

78. Gregolinski, J.; Lis, T.; Cyganik, M.; Lisowski, J., (RRRRSS/SSSSRR)-(1,7,13(1,2)-
Tricyclohexana-4,10,16(2,6)-tripyridina-2,6,8,12,14,18-hexa-azacyclo-octadecaphane)-
praseodymium(iii) hexakis(nitrato-O,0")-praseodymium(iii) methanol solvate. Inorg.Chem.
2008,47,11527.

79. Chatterton, N. P.; Goodgame, D. M. L.; Grachvogel, D. A.; Hussain, I.; White, A.J. P;
Williams, D. J., catena-(tris(mu2-Hexamethylenebis(acetamido))-neodymium(iii)

hexakis(nitrato)-neodymium(iii) chloroform solvate). Inorg. Chem. 2001, 40, 312.
80. Chesman, A. S.; Turner, D. R.; Deacon, G. B.; Batten, S. R, tris(Tetramethylammonium)
hexakis(nitrato-O,0")-neodymium(iii). J. Coord. Chem. 2007, 60, 2191.

81. Ekberg, C.; Fermvik, A.; Retegan, T.; Skarnemark, G.; Foreman, M. R. S.; Hudson, M.
J.; Englund, S.; Nilsson, M., An overview and historical look back at the solvent extraction using
nitrogen donor ligands to extract and separate An(Ill) from Ln(IIl). Radiochim. Acta 2008, 96,
225-233.

82. Arisaka, M.; Watanabe, M.; Kimura, T., Separation of actinides(IIT) from lanthanides(I1I)
by extraction chromatography using new N,N'-dialkyl-N,N'-diphenylpyridine-2,6-

24



dicarboxyamides. Global 2007: Advanced Nuclear Fuel Cycles and Systems, Boise, ID, United
States, Sept. 9-13, 2007 2007, 111-113.

83. Myasoedov, B. F.; Kulyako, Y. M.; Trofimov, T. I.; Samsonov, M. D.; Malikov, D. A ;
Mariutina, T. A.; Spivakov, B. Y., Recovery of U and Pu from simulated spent nuclear fuel by
adducts of organic reagents with HNO, followed by their separation from fission products by
countercurrent chromatography. Radiochim. Acta 2009, 97, 473-477.

84. Bains, M. E. D.; Warwick, P. E., The separation of actinides from lanthanides by anion
exchange in methanol/hydrogen chloride medium, and its applications to routine separation.

Science of the Total Environment 1993, 130-131,437-45.

85. Suzuki, T.; Aida, M.; Ban, Y.; Fujii, Y.; Hara, M.; Mitsugashira, T., Group separation of
trivalent actinides and lanthanides by tertiary pyridine-type anion-exchange resin embedded in
silica beads. Journal of Radioanalytical and Nuclear Chemistry 2003, 255, 581-583.

86. Jeffery, G. H.; Bassett, J.; Mendham, J.; Denney, R. C., Vogel's Textbook of Quantitative
Chemical Analysis. 5 ed.; Longman Scientific and Technical Essex, England, 1989; p 319.
87. Crosby, G. A.; Whan, R. E.; Alire, R. M., Intramolecular energy transfer in rare earth
chelates, role of the triplet state. J. Chem. Phys. 1961, 34, 743-748.

88. SMART: v.5.626, Bruker Molecular Analysis Research Tool. 2002.
89. SAINTPlus: v.6.36a, Data Reduction and Correction Program, Bruker AXS: Madison,
WI, 2001.
90. SADABS: v.2.01, an empirical absorption correction program. 2001.
91. SHELXTL: v.6.10, Structure Determination Software Suite, Sheldrick, G.M. 2001.
92.

Junk, P. C.; Kim, Y .; Skelton, B. W.; White, A. H., The structural systematics of
protonation of some important nitrogen-base ligands. V. Some univalent anion salts of mono-
and bis(2-picolyl)amine. Z. Anorg. Allgem. Chem. 2006, 632, 1340-1350.

93.  Taylor, R.; Kennard, O.; Versichel, W., Geometry of the nitrogen-hydrogen...oxygen-
carbon (N-H...O:C) hydrogen bond. 2. Three-center (bifurcated) and four-center (trifurcated)
bonds. J. Am. Chem. Soc. 1984, 106, 244-8.

94.  Zaccheddu, M.; Filippi, C.; Buda, F., Anion-p and p-p Cooperative Interactions
Regulating the Self-Assembly of Nitrate-Triazine-Triazine Complexes. J. Phys. Chem. A 2008,
112,1627-1632.

95.  Janiak, C., A critical account on 7t-7T stacking in metal complexes with aromatic nitrogen-
containing ligands. Dalton Trans. 2000, 3885-3896.
96. H.Cui; T.Otsuka; A.Kobayashi; N.Takeda; M.Ishikawa; Y .Misaki; H.Kobayashi,
pentakis(2,5-bis(1,3-dithiol-2-ylidene)-1,3 4 ,6-tetrathiapentalene) pentakis(nitrato-O,0')-
erbium(iii). Inorg.Chem. 2003, 42, 6114.

97. W .Urland; E.Warkentin, bis(Tetraphenylarsonium) pentakis(nitrato-O,0')-erbium.
Z.Naturforsch.,B:Chem.Sci. 1983, 38, 299.
98. Sherry, E. G., The structure of dipotassium erbium pentanitrate [K.Er(NO.)]. J. Inorg.
Nucl. Chem. 1978, 40, 257-68.
99.

de Bettencourt-Dias, A., Small Molecule Luminescent Lanthanide Ion Complexes —
Photophysical Characterization and Recent Developments. Curr. Org. Chem. 2007, 11, 1460-
1480.
100. Latva, M.; Takalo, H.; Mukkala, V.-M.; Matachescu, C.; Rodriguez-Ubis, J. C.; Kankare,
J., Correlation between the lowest triplet state energy level of the ligand and lanthanide(III)
luminescence quantum yield. J. Lumin. 1997, 75, 146-169.

25



101. Wietzke, R.; Mazzanti, M..; Latour, J.-M.; Pecaut, J.; Cordier, P.-Y.; Madic, C.,
Lanthanide(III) complexes of tripodal N-donor ligands: structural models for the species
involved in solvent extraction of actinides(IIl). Inorg. Chem. 1998, 37, 6690-6697.

102. Natrajan, L. S.; Pécaut, J.; Mazzanti, M.; LeBrun, C., Controlled Hydrolysis of
Lanthanide Complexes of the N-Donor Tripod Tris(2-pyridylmethyl)amone versus Bisligand
Complex Formation. Inorg. Chem. 2005, 44, 4756-4765.

SYNOPSIS

26



